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Inflammation Induced Bacterial Cell Wall Fragments
in the Rat Air Pouch
Comparison of Rat Strains and Measurement of Arachidonic
Acid Metabolites
SHIN YOSHINO, PhD, WILLIAM J. CROMARTIE, MD,
and JOHN H. SCHWAB, PhD
Streptococcal cell wall fragments, suspended in phos-
phate-buffered saline, were injected into a preformed sub-
cutaneous air pouch in rats. The advantage of the air
pouch model is the capacity for quantitation of exuda-
tive, cellular, and proliferative responses and soluble
mediators. Accumulation ofpouch fluid containing many
leukocytes occurred during the first 3 days. Granulation
tissue separable from the surrounding subcutaneous tis-
sue developed by 6 days. Immunofluorescence and im-
munoperoxidase staining showed the presence ofcell walls
in inflammatory cells both in pouch fluid and in pouch
tissue. Histologic features of this inflammation included
an acute exudative phase with a predominantly neutrophil
infiltration followed by a chronic phase characterized by
fibroblast proliferation, formation of blood vessels, and
infiltration with mononuclear cells. The lining of the
STUDIES of pathogenic properties of group A strep-
tococcal cell wall components has led to the establish-
ment of several experimental animal models of inflam-
mation. Cell walls induce chronic multinodular lesions
in rabbit skin,1'2 rheumatic-like heart lesions in mice,3'4
and chronic arthritis in rabbits' and rats.6'7 The cell wall
structure responsible for chronic inflammation in these
models is the peptidoglycan-polysaccharide complex
(PG-APS), which is relatively resistant to biodegrada-
tion in tissues.8'9 However, the quantitative measure-
ment of inflammatory mediators which regulate the
evolving inflammatory process is difficult in these
models. Previous studies showed that an air pouch
formed subcutaneously on the dorsum of rats provides
a suitable space for the induction of inflammation in-
duced with irritants such as croton oil,10 carragee-
nan,11 .12 or specific antigens,13'14 and allows quantita-
tive analysis of cells and soluble mediators. Pouches
From the Department of Microbiology and Immunology, School of
Medicine, University of North Carolina, Chapel Hill, North Carolina
pouch before injection of cell wall developed morpho-
logic features ofsynovial membrane, which became more
evident during the chronic phase of induced inflamma-
tion. Outbred Sprague-Dawley and inbred Lewis rats de-
veloped more pouch fluid, cell numbers in the pouch
fluid, and granulation tissue than inbred Buffalo rats. The
arachidonic acid metabolites, prostaglandin E2 and leu-
kotriene B4, were measured in the pouch fluid, and more
of each was produced in the Lewis than in the Buffalo
strain. These measurements ofinflammation are consis-
tent with the relative susceptibility ofthese strains to cell-
wall-induced arthritis. This model of inflammation can
be used in the examination ofthe regulatory mechanisms
of evolving chronic inflammation. (Am J Pathol 1985,
121:327-336)
maintained by repeated injection of air develop a lin-
ing structure with features of synovial lining, provid-
ing a convenient method for studying large quantities
of facsimile synovial tissue.15 This article measures
several parameters of inflammation developing in the
air pouch given injected bacterial cell walls and com-
pares the responses of rat strains which are relatively
resistant or susceptible to arthritis induced by PG-APS.
The in vivo production of two arachidonic acid metab-
olites involved in regulation of inflammation is also
measured.
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Materials and Methods
Animals
Outbred Sprague-Dawley rats were obtained from
Zivic-Miller (Allison Park, Pa). Inbred Lewis rats were
purchased from Charles River Breeding Laboratories
(Wilmington, Mass), and inbred Buffalo rats were pur-
chased from Simonsen Laboratories (Bilroy, Calif). Fe-
male rats weighing 140-170 g were housed 2 or 3 per
cage and fed Purina Rat Chow and water ad libitum.
Cell Walls
Purified cell walls were prepared from group A, Type
3, Strain D58 streptococci as previously described. 16 In
brief, the cells were grown in Todd-Hewitt broth (BBL,
Cockeysville, Md), harvested, and washed in phosphate-
buffered saline (PBS, pH 7.2). Washed cells were dis-
rupted in a Braun MSK cell homogenizer (Bronwill
Scientific, Inc., Rochester, NY). Intact cells were re-
moved by repeated centrifugation at 2000g for 30
minutes. The cell walls were collected by centrifugation
at 10,000g for 30 minutes and purified by enzyme treat-
ment or sodium dodecyl sulfate extraction. Purity of
cell wall preparations was assessed by measurement of
neutral sugars and amino sugars by gas chromatogra-
phy, and amino acids were determined by gradient high
pressure liquid chromatography, with post-column deri-
vation. Fragments of cell walls were prepared for in-
jection by sonication for 70 minutes in a Branson Model
350 sonifier (Branson Sonic Power Co., Danbury, Conn)
in a concentration of 20 mg/ml. After sonication they
were centrifuged for 30 minutes at 10,000g, and the su-
pernatant was used for injections. Cell wall concentra-
tion was based upon the rhamnose concentration.
Experimental Design
The rats were given subcutaneous injections on the
dorsum with 20 ml of air to form an air pouch. Air
was sterilized immediately prior to injection by passage
through a 0.2-si filter. Seven days later the animals were
again given injected air (10 ml) to maintain the open
cavity, and then 4 ml of PBS containing varying doses
of cell wall fragments was injected into the air pouch.
Controls were given injections of PBS. They were killed
at varying times after injection of cell walls, and the
entire exudate fluid in the pouch was harvested. The
number of leukocytes in the exudate fluid was counted
with the use of a hemocytometer. The differential cell
count was determined by examination of smears with
Wright's stain. Granulation tissue of the pouch walls
was carefully separated from the skin and weighed.
Immunohistology
Fluorescein-conjugated affinity-purified rabbit anti-
group A streptococcus globulin was prepared as previ-
ously described.2 Tissues were snap-frozen in liquid
nitrogen for the preparation of 5-1. frozen sections. Sec-
tions and pouch fluid smears were stained in a humid
chamber for 30 minutes with fluorescein-conjugated
rabbit globulin and washed with PBS. Controls in-
cluded sections and smears from rats given 2% car-
rageenan solution into the air pouch, stained as out-
lined above, sections from test animals stained with
fluorescein-conjugated normal rabbit globulin, and sec-
tions from test animals blocked first with unconjugated
group A-specific antibody and then stained with flu-
orescein-conjugated antibody.
Immunoperoxidase staining was carried out accord-
ing to the method of Hsu et al.17 Formalin-fixed, par-
affin-embedded sections were treated with affinity-
purified rabbit anti-group A antibody and biotin-
labeled goat anti-rabbit globulin, followed by
avidin-biotin-peroxidase complex (Vector Laborato-
ries, Burlingame, Calif). The sections had previously
been incubated with hydrogen peroxide and di-
aminobenzidine tetrahydrochloride for elimination of
tissue peroxidase. Controls included sections treated
with normal rabbit globulin.
Histology
Tissues were fixed in 1007o neutral formalin and em-
bedded in paraffin, sectioned at 5 ,i, and stained with
hematoxylin and eosin (H&E). Selected sections were
stained by the periodic acid-Schiff method (PAS). In
a study comparing Buffalo and Lewis rats, sections were
collected from the dorsal, ventral, and right and left
lateral wall of the pouch. In the other studies a single
section was collected from the dorsal wall of the pouch.
Sterility
Sheep blood agar plates were inoculated with PBS
suspension of cell walls and with pouch fluid for con-
firmation of the absence of bacterial contamination.
Prostaglandin E2 and Leukotriene B4
Prostaglandin E2 (PGE2) and leukotriene B4 (LTB4)
in the pouch fluid were extracted according to the
method of Powell."8 The pouch fluid was centrifuged
at 10OOg for 10 minutes. The supernatant was removed,
acidified to pH 3.0 with 0.1N HCl, and passed through
an octadecylsilyl silica cartridge (SEP-PAK C18, Waters
Associates, Inc. Milford, Mass), which was pretreated
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DAYS AFTER CELL WALL INJECTION
Figure 1 -Time course of pouch fluid accumulation in the rat air pouch.
Sprague-Dawley rats were given subcutaneous injections of 20 ml of air
on the dorsum. Seven days later they were given another injection of 10
ml of air, and then the indicated doses of cell wall fragments were inject-
ed into the air pouch. At several time intervals, entire pouch fluids were
harvested. 0, PBS only; A, 0.6 mg; A, 3 mg; 0, 15 mg cell walls. Vertical
bars show SEM of 4 or 5 rats.
with 10 ml ethanol and 10 ml water. The cartridges were
eluted with 20 ml ethanol/water (15:85), 20 ml petrole-
um ether, and 10 ml methyl formate. The methyl for-
mate fraction was evaporated under a stream of nitro-
gen, and the residue was dissolved in 0.01 M phosphate
buffer (pH 7.0) with 0.1%o bovine gamma globulin.
94.9% of 3H-PGE2 and 80.50Vo of 3H-LTB4 added to
the supernatant was recovered in the methyl formate
fraction. The total amount of PGE2 and LTB4 in the
pouch fluid was measured by radioimmunoassay (RIA).
The RIA kit for PGE2 was commercially available from
Seragen Inc. (Boston, Mass), and the LTB4 assay rea-
gent system was purchased from Amersham Corp
(Arlington Heights, Ill).
Results
Measurement of Inflammatory Responses
Injection of streptococcal cell wall fragments into the
air pouch of Sprague-Dawley rats produced a dose-
dependent accumulation of pouch fluid, reaching a
maximum at 3 days (Figure 1). A dose of 15 mg of cell
wall was required to maintain fluid for 10 days. The con-
trol animals given no cell walls had no pouch fluid. At
24 hours after cell wall injection, there was a dose-
dependent increase in the number of leukocytes in the
pouch fluid, which decreased over 10 days (Figure 2).
Neutrophils predominated during the first 6 days after
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DAYS AFTER CELL WALL INJECTION
Figure 2-Time course of inflammatory cell migration into the pouch fluid.
These animals are the same as described in Figure 1. 0, PBS only; A,
0.6 mg; A, 3 mg; *, 15 mg cell walls. Vertical bars show SEM of 4 or 5 rats.
cytes/macrophages and lymphocytes increased in the
chronic phase of inflammation in rats given injections
of the highest dose (Table 1).
Distinct granulation tissue lining the pouch was de-
veloped by 6 days after cell wall injection and was readily
separable from the surrounding pouch tissue. The net
weight of granulation tissue increased with the amount
of cell wall fragments injected (Table 2).
Inbred Lewis rats had more pouch fluid, leukocyte
numbers, and granulation tissue than inbred Buffalo
rats (Table 3). This difference was particularly significant
in the chronic inflammatory phase and occurred despite
a similar distribution of antigen in the rat strains (see
below).
Inflammatory cells in pouch fluid, stained by direct
immunofluorescence, showed the presence of cell wall
antigen within neutrophils at 1 day after injection (Fig-
ure 3A) and primarily within mononuclear cells by 10
days after the injection of cell walls (Figure 3B). The
cell wall fragments were also present in cells lining the
cavity at 24 hours after injection (Figure 3C). Antigen
was observed in lining cells and in the deeper layer of
the pouch walls at 10 days after injection (Figure 3D).
Similar distribution of antigen was observed in outbred
Sprague-Dawley and inbred Buffalo and Lewis rats.
Measurement of Arachidonic Acid Metabolites
To investigate the involvement of arachidonic acid
metabolites in inflammation induced with bacterial cell
walls, the total amount of PGE2 as a cyclooxygenase
product in the pouch fluid and LTB4 as a lipoxygenase
product was measured by RIA. Sprague-Dawley rats
actively produced both PGE2 and LTB4 in a dose-
dependent fashion (Table 4). Production of PGE2
Vol. 121 * No. 2
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Table 1-Change in Proportion of Inflammatory Cell Types in the Pouch Fluid From Sprague-Dawley Rats
Days after cell wall injection
1 3 6 10
Dose No. of
(mg) rats* N M Lt N M L N M L N M L
0.6 5 95t 5 0 87 10 3 - - - - - -
3 5 88 12 0 90 8 2 62 18 20 - - -
15 5 92 8 0 92 6 2 77 15 8 28 55 17
* These animals were the same as described in Figure 1.
t The pouch fluid smear was stained with Wright's stain; N, neutrophils; M, monocytes/macrophages; L, lymphocytes.
$ Percentage of total cells (-) means no pouch fluid was present.
reached a maximum at 3 days and then decreased, but
a significant amount was still produced at 10 days. LTB4
production also increased in a dose-dependent fashion,
reaching a maximum at 3 days. However, LTB4 produc-
tion persisted relative to PGE2, and by 10 days the level
was nearly equal to that of PGE2 (Table 4). PGE2 and
LTB4 were produced in Buffalo and Lewis rats (Table
5) with a time course similar to that in Sprague-Dawley
rats. However, the Lewis strain showed significantly
more PGE2 and LTB4 production than the Buffalo rats
at all times examined.
Histology
Sections were prepared from Sprague-Dawley rats
immediately (0-day air pouch) and 7 days (7-day air
pouch) after one injection of air only. The 0-day air
pouch showed the cavity to be lined by fibrous connec-
tive tissue, and no changes were observed in the deeper
layers of the lining (Figure 4A). The 7-day air pouch
was lined by one or two layers of mononuclear cells that
resembled macrophages (Figure 4B). The deeper layers
of the lining consisted of fibrous connective tissue con-
taining an increased number of blood vessels and a
small number of mononuclear inflammatory cells.
When the 7-day air pouch was injected with PBS, the
Table 2-Granulation Tissue Formation
in Sprague-Dawley Rats




0.6 5 0.46 + 0.07
3 5 0.73 0.29
15 5 1.60 0.42
Day 10
0 4
15 5 1.04 0.39
* These animals were the same as described in Figure 1. At 6 and 10
days after injection of cell walls, granulation tissue was separated from
the skin, and its wet weight was measured. Values are means SEM.
t The thin layer of granulation tissue could not be separated adequate-
ly for measurement.
pouch wall showed no significant histologic change
when collected at 1, 3, 6, and 10 days after injection.
At 1-3 days after cell wall fragments were injected
into the 7-day air pouch the reaction was similar in all
three strains when sections from the same site on the
lining of the air pouch were compared. Sections from
the dorsal portion of the pouch showed less extensive
inflammatory reaction than did the sections from the
ventral or from the lateral portions of the lining. This
suggests that gravity influences the contact between the
pouch lining and the cell wall fragments. In all strains
the response at 1-3 days after injection consisted of an
acute exudative reaction. There was vascular conges-
tion, evidence of edema of the fibrous connective tis-
sue of the wall, and extensive infiltration of this tissue
by neutrophils and mononculear cells (Figure 5A). The
surface of the pouch wall was covered by a layer of acute
inflammatory cells (Figure 5B).
Sections collected from all strains 6 and 10 days af-
ter injection of cell wall fragments showed that the acute
Table 3-Influence of Genetic Background on Inflammation
Induced With Cell Walls*
Granulation
Exudate volume Cell number tissue wet
Strain (ml) (x 108) weight (g)
Day 1
Buffalo 0.64 + 0.14 4.06 ± 0.52 -t
Lewis 1.36 ± 0.1ot 5.36 ± 0.32 -
Day 3
Buffalo 1.42 ± 0.40 1.58 ± 0.48 -
Lewis 4.86 ± 0.33t 4.06 ± 0.21 t
Day 6
Buffalo 1.49 ± 0.37 0.42 ± 0.04 1.59 ± 0.19
Lewis 4.12 ± 0.42t 2.10 ± 0.45t 2.26 ± 0.19§
Day 10
Buffalo 0 0 0.57 ± 0.06
Lewis 3.41 ± 0.31t 0.16 ± 0.03t 1.87 ± 0.08t
* Inbred Buffalo and Lewis rats were given injections of 15 mg of cell
walls as described in Figure 1. Values are the means ± SEM of 4 or 5 rats.
t Granulation tissue could not be cleanly separated from surrounding
tissue.
t P < 0.01 (Student t test).
§ P < 0.05 (Student t test).
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Figure 3-Direct immunofluorescence showing cell wall in inflammatory cells from the air pouch in Sprague-Dawley rats. (x 320) A-Smear of exu-
date collected 1 day after injection. B-Smear of exudate collected 10 days after injection. C-Section of pouch wall collected 1 day after injec-
tion. D-Section of pouch wall collected 10 days after injection.
exudate reaction had subsided. The wall of the pouch
was lined by mononuclear cells that varied in size, shape,
and alignment at different sites on the wall. At some
sites, the cells appeared round and were several layers
thick (Figure 6A). At other sites, they were elongated
and were several layers thick, with single cells project-
ing above the surface (Figure 6B). Immunoperoxidase
and immunofluorescent staining showed these lining
cells to contain cell wall fragments. The major portion
of the wall of the pouch consisted of hyperplastic
fibrous tissue which contained an increased number of
fibroblasts and small blood vessels. There was a moder-
ate increase in collagen, and the hyperplastic fibrous
tissue was infiltrated by macrophages. The cytoplasm
of these cells contained numerous PAS-positive gran-
ules. Immunoperoxidase and immunfluorescent stain-
ing showed these granules to be cell wall fragments. At
various sites, folds and villus-like structures projected
into the pouch cavity. These folds and villi consisted
of a core of hyperplastic connective tissue infiltrated
by macrophages that contained PAS-positive granules
(Figure 6C and D).
Sections from the Lewis rats collected at 6 and 10
days after injection showed more extensive fibrous tis-
sue hyperplasia, macrophage infiltration, and forma-
tion of new blood vessels, producing a thicker pouch
wall than in comparable sections from Buffalo rats
(Figure 7A and B), consistent with the data recorded
in Table 3. There were no significant differences noted
in the lining cells in the Lewis and Buffalo strains. Study
of the histologic sections stained by the immunofluores-
cent and immunoperoxidase methods did not suggest
Vol. 121 * No. 2
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Table 4-Production of PGE2 and LTB4 in Inflammation


















































* These animals were the same as described in Figure 1. At indicated
days after injection of cell wall fragments the total amount of PGE2 and
LTB4 in pouch fluid was measured. Values are the means ± SEM of 5 rats.
t No pouch fluid was present.
Table 5-Comparison of PGE2 and LTB4 Production










































* These animals were the same as described in Table 3. At indicated
days after injection of 15 mg of cell wall, the total amount of PGE2 and
LTB4 was measured. Values are the means + SEM of 4 or 5 rats.
t P < 0.05 (Student t test).
t No pouch fluid was present.
§ P < 0.01 (Student t test).
a difference in the amount of cell wall antigen in the
pouch wall in the two strains.
Discussion
These studies demonstrate the utility of the air pouch
in analysis of the molecular and cellular regulation of
acute and chronic inflammation induced by bacterial
cell wall fragments. A dose-related response to cell wall
was observed in the three strains of rats studied. It was
possible to measure, at various intervals after injection
of PG-APS, the accumulation of fluid exudate in the
pouch; the number and type of inflammatory cells in
the fluid; changes in the weight of the granulation tis-
sue that formed the wall of the pouch; the amount of
two arachidonic acid metabolites, PGE2 and LTB4, in
the fluid exudate; and the histologic changes that oc-
curred in the pouch wall.
The rat air pouch has been used by others in exami-
nation of soluble mediators of inflammation. 1.20-22 This
Figure 4-Sections of the pouch wall after injection of air only into Sprague-Dawley rats. (H&E, x 120) A-Immediately after injection. Pouch is
lined by a thin layer of fibrous connective tissue adjacent to a layer of subcutaneous muscle and adipose tissue. B-Seven days after injection.
The wall consists of subcutaneous muscle and a layer of hyperplastic fibrous tissue with a lining of mononuclear cells.
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Figure 5-Acute exudative reaction in the pouch wall in a Lewis rat 1 day after injection of cell wall fragments. A-Vascular congestion, edema,
and infiltration of the connective tissue by inflammatory cells. The lining cells are replaced by a thick layer of neutrophils. (H&E, x 120) B-Higher-
power micrograph showing the thick layer of neutrophils lining the cavity. (H&E, x 320)
.
Figure 6-Sections showing variations in the lining of the pouch wall 10 days after injection of cell wall fragments. A-Lining consist of several layers
of round mononuclear cells. (Lewis rat, PAS, x 320) B-Lining consists of several layers of elongated mononuclear cells. (Buffalo rat, H&E,
x 320) C-Low-power micrograph showing several folds and crypts in the pouch wall. (Buffalo rat, PAS, x 120) D-A fold and a villuslike struc-
ture projection from the wall. (Lewis rat, H&E, x 320)
333Vol. 121 * No. 2
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Figure 7-Sections from the dorsal side of pouches for a compar-
ison of the thickness of the granulation tissue formed in Buffalo
and Lewis rats 10 days after injection of cell wall fragments. The
subcutaneous muscle forming the outer layer of the pouch wall is
shown at the bottom of each picture. A-Buffalo rat. (H&E,
x 120) B-Lewis rat (H&E, x 120)
report shows that PGE2 was actively produced during
the first 3 days after bacterial cell wall injection, which
was consistent with marked accumulation of pouch
fluid during the period. PGE2 is known to be an im-
portant factor in vascular permeability, through an en-
hancement of blood flow.2325 Therefore, active produc-
tion of pouch fluid shown in this study may be due,
in part, to PGE2 synthesis in the pouch. The number
of neutrophils in the pouch fluid reached a maximum
during the first 24 hours and then fell rapidly. How-
ever, production of LTB4, which has been reported to
be a potent chemotactic and chemokinetic factor for
polymorphs,26 29 reached a maximum at 3 days after
cell wall injection; and, thereafter, production persisted.
PGE2 can potentiate polymorph migration through in-
crease in blood flow.30 31 However, production of PGE2
reached a peak at 3 days after cell wall injection, as men-
tioned above; thus, the time course of polymorph
migrations was inconsistent with that of production of
the chemotactic factors measured. One explanation is
that these chemotactic factors induce a desensitization
at the inflammatory site which may be responsible for
the cessation of cell migration.32 This desensitization
of the neutrophil inflammatory response occurs even
in the continued presence of the stimulus.
Evidence that production of LTB4 persisted, relative
to the large decrease of PGE2 after it reached a maxi-
mum at 3 days, suggests that LTB4 has other effects on
cellular responses in addition to chemotaxis for poly-
morphs. For example, histologic examination showed
active infiltration of mononuclear cells and prolifera-
tion of fibroblasts in inflammatory tissue at 3-6 days
after cell wall injection. Therefore, the ratio of PGE2
to LTB4 may be important in the regulation of evolu-
tion into the chronic phase of inflammation.
Buffalo rats have been shown to be relatively resis-
tent to the induction of experimental arthritis induced
by systemic injection of streptococcal cell walls, where-
as the Lewis and Sprague-Dawley strains are highly
susceptible.33 This genetic control was also observed
with the air pouch model of inflammation, because
Sprague-Dawley and Lewis rats produced more pouch
fluid, more inflammatory cells in the pouch fluid, and
more granulation tissue than Buffalo rats. There were
much larger amounts of PGE2 and LTB4 produced af-
ter injection of PG-APS into the air pouches in Lewis
rats than in Buffalo rats. This suggests that a difference
in the amounts of arachidonic acid metabolites pro-
duced in the Lewis and Buffalo rats in response to PG-
APS may account for some of the differences in the
inflammatory response to the two strains. The amount
of fluid exudate produced will allow measurement of
other regulators of inflammation that may be involved
in this model.
Recently, Edwards et all5 showed that the induction
of an air pouch in the subcutaneous tissue of rats and
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mice provides a structure with features of a synovial
lining as early as 6 days after air injection. They have
also demonstrated that this tissue is highly reactive to
inflammatory stimuli.34 The observation recorded here
confirms their report about the development of lining
cells after the injection of air. In addition, our studies
show that the injection of bacterial cell wall fragments
into such a cavity first produces destruction of these
lining cells, replacement by an exudate of neutrophils,
and accumulation of a fluid exudate in the pouch. This
acute phase of the reaction is associated with extensive
edema of the fibrous tissue wall and infiltration of neu-
trophils and mononuclear cells. The second or prolifer-
ative phase of the reaction is associated with hyperpla-
sia of the lining cells, the fibrous connective tissue and
small blood vessels of the pouch wall, and infiltration
of the wall by large numbers of macrophages with PG-
APS in their cytoplasm. Folds and villuslike structures
are formed which project into the cavity and which have
some features of synovial villi. These reactions are simi-
lar to changes observed in the synovial tissue following
systemic injection of streptococcal cell wall fragments
into rats.6
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